UNCLASSIFIED 
AD  NUMBER 

_ AD307914 _ 

_ CLASSIEICATION  CHANGES 

TO:  unclassified 

FROM:  confidential 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release,  distribution 
unlimited 


FROM: 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors; 
Administrative/Operational  Use;  2  Feb 
1959.  Other  requests  shall  be  referred  to 
U.S.  Naval  Ordnance  Laboratory,  White  Oak, 
MD. 


AUTHORITY 

USNSWC  Itr, 
1974 

7  Oct  1974;  USNWSC  Itr,  7  Oct 

THIS  PAGE  IS  UNCLASSIEIED 


Armed  Services  Technical  Information  Agency 

ARLINGTON  HALL  STATION 
ARLINGTON  12  VIRGINIA 


FOR 

MICRO -CARD 
CONTROL  ONLY 


NCyriCE-  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A  DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  DRAWINGS.  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  UCENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE, 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 


This  document  is  the  property  of  tne  United  States 
Government.  It  is  furnished  for  the  duration  of  the  contr-xct  ind 
shall  be  returned  when  no  longer  required,  or  upon 
recall  by  ASTIA  to  the  following  address: 

Armed  Services  Technical  Information  Agency,  Arlington  Hall  Station, 

^  Arlington  12,  Vi)  ginta 

NOTICE;  THIS  DOCUMENT  CONTAINS  INFORMATION  AFFECTING  THE 
NATIONAL  DEFENSE  THE  UNITED  STATES  WITHIN  THE  MEANING 
OF  THE  ESPIONAGE  LAWS,  TITLE  IS,  U.S.C.,  SECTIONS  793  and  794. 
THE  TRANSMISSION  OR  THE  REVELATION  OF  ITS  CONTENTS  IN 
ANY  MANNER  TO  AN  UNAUTHORIZED  PERSON  IS  PROHIBITED  BY  LAV 


"This  publication  is  CONFIDLNTIAL  and  shall  be  safe - 
guarded  in  accordar.ce  with  the  security  provisions  of 
the  U.  S.  Navy  Reguiaf.ons  and  the  provisions  of  appli¬ 
cable  Federal  Statutes  and  Executive  Orders  for  Safe¬ 
guarding  Classified  Information.  As  staled  in  Article 
OhOb.3  of  OPNAVINST  5510,13,  dated  10  March  1958, 
It  is  forbidden  to  make  extracts  from  or  to  copy  this 
classified  document  without  authorizatioi» 

"Tl'.is  material  contains  information  affecting  the 
National  Defense  of  the  United  States  within  the 
rnea.nii'ig  of  the  Espionage  Laws,  title  18,  U.S.C., 
Sections  7  93  and  7  94,  the  transmission  or  revelation 
cf  wh.ich  in  any  manner  to  an  unauthorized  person  is 
prohibited  by  lav.'," 


CONFIDENTIAL 
HAVORD  Report  6154 


A  METHOD  FOR  PREDICTING  IGNITION 
ENERGY  REO’"REMENTS  OP  PRACTICAL 
PROPELLANT  SxisTEMS.  PART  III  -  ROCKETS 


Prepared  by: 

GEORGE  J.  BRYAN 
and 

EVAN  K.  LAWRENCE 


Approved  by:  EVAN  C.  NOONAN,  Chief 

Physical  Chemistry  Division 


\/ 

ABSTRACT:  Basic  Ignition  information  was  applied  In 
correlating  Ignition  data  from  53  rockets  of  World  War  II  and 
later  vintage,  ranging  In  area  exposed  to  Ignition  products  from 
l45  cm2  to  520,000  cm2.  dominant  factor  In  settln,;  Ignition 

energy  requirements  for  rockets  was  found  to  be,  as  for  guns, 
the  product  of  the  area  exposed  to  the  ignition  system  products 
and  the  Ignition  energy  per  unit  area  of  prope"* ant. 

The  equations  developed  have  relatively  few  variables,  but 
a  precision  adequate  for  predicting  ignition  energy  requlrementts 
In  practical  rocket  Ignition  systems.  Use  of  these  equations  In 
the  design  of  efficient  Ignition  systems  Is  discussed. 


CHEMISTRY  RESEARCH  DEPARTMENT 
U.  S.  NAVAL  ORDNANCE  LABORATORY 
White  Oak,  Sliver  Spring,  Maryland 
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A  scientific  basis  Is  desirable  for  designing  Ignition  systens 
In  order  to  reduce  cost  and  effort  associated  with  trial  and 
error  methods.  This  report  provides  a  logical  technique  for 
designing  rocket  Igniters.  Attention  of  the  engineer  Is  called 
to  Appendix  VIII  where  a  sample  calculation  Is  made.  It  Is 
recommended  that  this  method  be  tested  In  designing  experimental 
Ignition  systems.  This  work  was  supported  by  Task  NO  506/925/ 
56015/01040. 


MELL  A.  PETERSON 
Captain,  USN 
Commander 

ALBERT  LiaS^DY 
By  dlrectl^on  ^ 
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NOMENCLATURE 

A  Total  area  exposed  to  products  of  Ignition  system,  ctn^ 
^Ics  Inhibited  curved  surface  of  grain,  cm^ 

Aj^g  Area  of  Inhibited  ends  of  g’aln,  cm? 

Afjca  Area  of  convergent  section  of  nozzle,  cm^ 

Ap  Port  area;  the  free  cross-sectional  area  In  the 
rocket  motor  available  for  gas  flow,  cm^ 

Ag  Area  of  burning  surface  of  grain,  cra^ 

A^  Nor.zle  throat  area,  cm^ 

D  Diameter  of  propellant  charge  (in  guns),  cm 
Dg  Inner  diameter  of  rocket  chamber,  cm 

D  Outer  diameter  of  grain,  cm 

o 

D^  Nozzle  throat  diameter,  cm 

Dnes  Largest  diameter  of  nozzle  cot.  .ergent  section,  cm 

J  Throat-to-port  area  ratio,  dimensionless 

Kt  Internal  area  ratio,  equal  to  burning  surface/port  area, 
dimensionless 

%  Nozzle  area  ratio,  equal  to  burning  surface/throat  area, 
dimensionless 

L  Length  from  midplane  of  vented  section  of  primer  to  end 
of  charge  (in  guns),  cm 

Lg  Length  of  straight  section  of  chamber,  cm 
Lg  Length  of  grain,  cm 

N^g  Number  of  inhibited  ends  of  grain,  dimensionless 

P  Perimeter  of  burning  surface  of  grain,  cm 

Q  Total  energy  supplied  for  Ignition,  cal 

q^  Experimental  Ignition  energy  per  unit  area  of  propellant 
(based  on  three  millisecond  Ignition  Interval),  cal/cm^ 

qj.  Ignition  energy  per  unit  area  supplied  by  rocket  Ignition 
system,  cal/cm^ 

r  Correlation  coefficient,  dimensionless 

Sy  Standard  error  of  estimate,  dimensionless 

Vf  Free  volume  in  loaded  chamber  or  cartridge  case  of  gun 
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A  METHOD  FOR  PREDICTING  IGNITION 
ENERGY  REQUIREMENTS  OF  PRACTICAL 
PROPELLANT  SYSTEMS.  PART  III  -  ROCKETS 


I.  INTRODUCTION 

In  an  attempt  to  develop  a  relation  for  predicting  ignition 
energy  requirements  In  practical  systems,  a  correlating  equation 
was  developed  for  guns  (1,2),  using  data  from  service-accepted 
rounds.  The  dominant  correlating  factor  was  the  product  of  the 
total  area  exposed  to  the  products  of  the  Ignition  system  and 
the  Ignition  energy  requirements  per  unit  area  of  propellant. 
Three  secondary  factors  were  discovered:  two  Involving  the 
geometry  of  the  round,  and  one,  the  degree  of  confinement  of  the 
Ignition  composition. 

The  correlation  studies  have  been  further  extended  to  In¬ 
clude  rocket  Ignition  systems.  This  paper  presents  the  results 
obtained  by  analysis  of  data  from  service-accepted  and  advanced 
developmental  rockets.  A  brief  summary  of  this  v;ork  has  already 
been  reported  (2). 


II.  SCOPE 

The  principal  rocket  data  (set-  Table  I)  are  from  53  service- 
accepted  or  advanced  developmental  units  varying  In  area  exposed 
to  Ignition  products.  A,  from  145  cm^  to  320,000  cm2.  These 
Include  only  those  of  World  War  II  and  later  vintage.  Literature 
references  used  In  obtaining  the  necessary  data  are  given  In 
Tables  II  and  III. 

The  rocket  propellants  were  either  double-base,  or  composite 
containing  ammonium  perchlorate  or  potassium  perchlorate  oxidizer. 

Ignition  and  sustalner  compositions  used  In  these  rockets 
(see  Table  II)  Included  black  powder,  double-base  propellant, 
seven  different  pyrotechnic  compositions,  and  an  ammonlum- 
perchlorate-polysulf Ide  rubber  composite  propellant. 

Grain  designs  Included  the  following: 

1.  Internal  burning  -  These  comprised  about  one-half  of  all 
grain  designs  considered,  and  were  either  case-bonded,  or  In¬ 
hibited  on  the  outside  surface  and  obturated.  The  burning 
surface  of  these  grains  was  In  the  form  of  a  single  cylindrical 
perforation,  a  single  cylindrical  perforation  with  slots,  or  a 
star,  helical,  conical,  cruciform,  or  multi-perforated  design. 
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2.  External-Internal  burning  (hollow  cylinder)  -  About 
one-third  of  all  grain  designs  had  this  geometry. 

3.  Internal  burning  shell  -with  external-internal  burning 
tube  or  external  burning  rod. 

4.  Cruciform. 

5.  End-burning  (cigarette-burning). 


III.  TREATMENT  OP  DATA 

A.  Ignition  Energy  Supplied  by  Ignition  Composition 

The  total  energy, *0,  liberated  by  the  ignition  composition 
is  equal  to  the  heat  of  explosion  times  the  weight  of  the 
mixture. 

Table  II  lists  the  procedures  and  literature  references 
used  in  finding  the  heatsof  explosion,  numerical  values  of  the 
heats  of  explosion,  and  the  composition  of  the  various  Ignition 
mixtures. 

In  Table  III  the  irnition  mixtures  used  in  the  various 
rockets  are  given.  The  same  references  listed  as  pertaining  to 
propellant  and  metal  part  dimensions  supplied  information  on  the 
weights  of  the  ignltior  compositions. 

B.  Ignition  Energy  of  Propellant  (q,,) 

Ignition  energies  experlm.entally  determined  in  a  locked- 
stroke  compressor  for  a  three  millisecond  ignition  Interval  are 
given  in  Ref.  22  for  representative  propellant  formulations. 

These  values  were  used  to  estimate  the  ignition  energy  of  a  given 
propellant  either  by  taking  the  ignition  energy  to  be  equal  to 
that  for  the  nearest  chemically  similar  formulation,  or  by  inter¬ 
polating  between  the  values  for  two  chemically  similar  composi¬ 
tions. 

C.  Calculation  of  Area  (A)  Exposed  to  Products  of  Ignition 
System 

The  total  area  exposed  to  heat  transfer  from  the  products 
jf  the  ignition  system  is  composed  of  the  following  areas: 

1.  Burning  surface  of  propellant  grain. 

2.  Inhibited  surface  of  propellano  grain. 
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5.  Metal  Chamber. 

4.  Nozzle:  Converging  section  of  rozzie. 

5.  Miscellaneous  metal  parts  other  than  5  and  4,  such  .-is 
propellant  supports,  and  trap  plate. 

6.  Igniter  assembly  (neglected). 

Calculation  of  these  areas  is  detailed  under  the  separate 
subheadings.  Literature  references  used  to  supply  the  nucessary 
Information  for  the  calculations  are  presented  in  Table  III. 

The  relative  Importance  of  the  different  areas  exposed  to 
Ignition  products  varied  according  to  the  charge  design.  For 
(i)  Internal-burning  grains,  not  case-bonded;  (2)  external- 
internal  burning  grains;  and  (5)  rod-and-shell  type,  the  sum  of 
the  burning  surface  area  plus  the  area  of  the  straight  section 
of  the  case  plus  the  inhibited  curved  surface  area  of  the  pro¬ 
pellant  (zero  for  (2))  was  86  to  98%  of  the  total  area.  A,  with 
most  values  over  90%. 

With  case-bonded  grains,  where  the  products  of  ignition 
cannot  travel  between  the  case  and  the  grain,  the  significant 
area  was  the  burning  surface,  which  made  up  85  to  98%  of  the 
total  area. 

For  cigarette-burning  grains,  the  burning  surface  was  a 
small  percentage  of  the  total  area  and  the  areas  of  the  curved 
inhibited  surface  of  the  grain  and  the  straight  portion  of  the 
case  were  important.  For  the  two  cases  treated  in  this  report 
these  surfaces  constituted  about  80%  of  the  total  area. 

With  the  cruciform  grain  design  the  largest  areas  were  the 
burning  surface,  straight  portion  of  the  case,  and  the  inhibited 
area.  In  two  British  rockets  (16)  these  areas  were  -.7%  of  the 
total.  In  the  "Tiny  Tim,"  (8).  having  a  charge  conslsning  of 
four  cruciform  grains,  the  area  of  the  supporting  partitions 
was  important,  and  the  sum  of  the  above  areas  was  64%  of  the 
total. 

Burning  Surface  of  Propellant  Grain  (Aq) 

The  burning  surface  was  calculated  by  one  of  the  following 
procedures: 

1.  Given:  nozzle  throat  diameter  and  K,^,  where 
Kr  “  ^s/^t  ■  burning  surface  area/nozzle  throac.  area.  Nozzle 
throat  area,  A^.,  was  calculated.  Ag  was  computed  from 
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^3  ^N^t 

2.  Burning  perimeter,  ?,  was  calculated  from  a  scale  or 
dimensioned  drawing.  Burning  surface  was  calculated  from 


where  Lg  «  grain  length 

Uninhibited  end  areas  must  be  added,  ■ 

3.  Burning  surface  area  was  given. 

Method  1  was  used  in  most  of  the  calculations. 

Area  of  Inhibited  Surface  of  Propellant 

Inhibited  surface  area,  for  purposes  of  calculation,  could 
be  divided  into  three  parts:  (l)  inhibited  end  surfaces  of  the 
grain;  (2)  inhibited  area  on  the  curved  surface  of  the  grain; 
and  (3)  other  inhibited  areas  such  as  strips  of  inhibitor  on 
cruciform  grains 

1.  Inhibited  End  Area  (Aj^g).  Except  for  cigarette-burning 
grains,  [  7 

Aie  *  -  •''p^^'ie 


where 

Dg  =  inner  diameter  of  chamber 

Ap  »  port  area;  the  free  cross-sectional  area  in 
the  rocket  motor  available  for  gas  flow 
(see  Section  III-D  for  calculation  of  Ap) 

=  number  of  inhibited  ends  ■  two  per  grain,  except 
for  cigarette-burning  grains,  where  N^^  «  1. 

In  the  case  of  Internal-burning,  non-case-bonded  grains, 
the  above  expression  gives  slightly  high  values  of  A,  since 
the  port  area  does  not  Include  the  area  of  the  annulus  between 
the  case  and  the  inhibited  outer  surface  of  the  propellant  grain 

For  a  cigarette-burning  grain, 

*le 

where 

=  diameter  of  grain. 
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2.  Inhibited  Area  on  Curved  Surface  ot*  Grain  (^jcs). 
The  followintj,  methods  were  used: 


a.  If.  the  grain  was  internal-burning  and  inhibited  on 
the  outside, 

^ics  * 

b.  If  the  grain  was  case-bonded, 


Hcs 


0 


3.  Other  Inhibited  Areas.  These  were  evaluated  from 
dimensions  which  were  given,  or  In  one  case,  the  area  of  in¬ 
hibitor  strips  on  a  cruciform  grain  was  estimated  by  dividing 
the  inhibitor  weight  by  the  product  of  the  thickness  and  density 
of  the  inhibitor. 


Chamber 

1.  Head  End .  The  area  of  this  section  was  approximated 
by (ir/4)D2^2^^  This  did  not  cause  appreciable  error,  since  the 
highest  value  of  this  term  was  6,h%  of  the  total  area, 

2.  Straight  Section.  This  area  was  equal  to 

^^c  ^c 

where 

Lj,  ■  the  length  of  the  straight  section  of  the  chamber. 
Nozzle 

The  nozzle  area  exposed  to  the  products  of  the  Ignition 
system  was  approximated  and  Included  only  the  convergent  section. 
The  half  angle  of  the  Inlet  cone  was  assumed  to  be  45  degrees. 
Since  the  nozzle  areas  evaluated  were  only  0.4  to  7%  of  A,  with 
an  average  value  equal  to  2.8^  of  A,  errors  from  this  source 
should  be  small. 

For  rockets  with  one  nozzle  the  largest  diameter  of  the 
converging  section, considering  It  to  be  a  conical  frustrum,  was 
taken  equal  to  the  chamber  diameter.  This  gave 

Ancs  "Cn-/4)(Dc^-Dt^)  .  1.111 

sin  45° 

where 

■^ncs  °  3^63  0^  converging  section  of  nozzle. 

=•  dlamever  of  nozzle  throat. 
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In  a  multl-nozzled  rocket,  the  largest  diameter  of  the  con¬ 
verging  section  (Dgg)  was  used,  rather  than  the  chamber  diameter, 
so  that  for  one  nozzle 

^ncs  *  (^cs^“^t^^ 

(Multl-ncz^led  rocket) 

Miscellaneous  Metal  Parts 

These  have  been  neglected  In  most  cases,  except  where  the 
area  of  the  grain  supports  was  Important.  It  Is  believed  that 
no  errors  greater  than  10^  have  been  introduced  as  a  result. 

The  area  of  the  propellant  trap  Is  approximately  one-half 
the  cross-sectional  area  of  the  chamber  or(Tr/8^DQ2.  By  neglect¬ 
ing  this  area  an  error  of  about  0.5  to  2^6  In  A  is  Introduced. 

D.  Calculation  of  Port  Area 

Port  arec ,  Ap,  was  evaluated  as  follows: 

1.  If  At  and  J  were  given,  Ap  was  calculated  from 

4p  -  Ap/J 

where 


J  =  throat-to-port  area  ratio. 

2.  J  was  calculated  from 
J  »  KjAn 

where 

Kj  »  Internal  area  ratio  -  burning  surface/port  area 
%  =  burning  aurf ace/throat  area 

3.  The  end-grain  area  was  calculated  from  a  scale  or 
dimensioned  drawing.  Other  areas  such  as  metal  supports  were 
calculated.  The  above  areas  were  subtracted  from(Tr/4)Dg2 
(the  cross-sectional  area  of  the  case). 

4.  Port  area  was  computed  directly  from  a  scale  or 
dimensioned  drawing. 

5.  For  a  cigarette-burning  grain,  the  "port  area"  for  the 

purposes  of  comcutlng  the  secondary  correlating  factor  was  set 
equal  to  (7r/4')(D  2_d  This  gave  better  results  than  using  the 
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the  actxiai  port  area,  (ir/4)DQ2^  when  the  Inert  cylindrical  areas 
were  Included.  This  type  of  grain* merits  further  study. 

IV.  CORRELATION  TECHNIQUES 

Preliminary  plotting  of  Q  vs.  Aq^,  Indicated  that  Aq^  was  a 
strong  correlating  factor  (this  proved  to  be  the  dominant  faci or 
as  shown  by  Eq.  3;.  In  order  to  determine  secondary  correlating 
factors,  various  parameters  were  chosen  which  seemed  reasonable 
based  on  physical  considerations.  If  a  plot  of  qj,/Qc  a 
particular  parameter  showed  some  correlation,  as  Judged  by  eye, 
the  parameter  was  known  to  be  a  correlating  factor. 

Standard  least-sqviare  techniques  were  used  to  derive  the 
correlating  equations.  Scatter  of  the  data  points  was  evaluated 
by  computing  the  standard  error  of  estimate  and  correlation 
coefficient. 


V.  RESULTS 

The  logical  first  step  was  to  test  the  dominance  of  Aq^  In 
determining  the  Ignition  energy  requirements  for  rockets,  since 
this  product  had  been  found  dominant  for  guns  (1,2).  Figure  1 
shows  a  plot  of  Q  versus  Aq^  (log-log).  A  least  squares  analyst 
of  this  data  yielded 

Q  -  26.5  (Aq^j)®*^^  (1) 

r  -  0.95^ 

Sy  -  I  0.259  -  -  log  1.82 

Clearly,  Aq^,  la  an  Important  correlating  factor. 

Lg/V^ Ap  and  A/ApLg,  which  are  analogous  to  the  secondary 
factors  found  r«i  tuns,  were  tested  as  secondary  factors.  No 
correlation  was  fomd  for  the  first  of  these,  but  a  fairly  good 
correlation  wae  outalned  with  A/ApLg.  Other  factors  were  tried. 
The  best  correlation  found  thus  far  was  the  ratio  of  two  per¬ 
imeters  -  one  corresponding  to  the  total  length  of  exposed 
perimeter  at  a  cross-section,  and  the  other  to  the  perimeter 
which  a  circle  would  have  If  equal  In  area  to  the  port  area. 
Using  the  port  area  perimeter  In  the  numerator  this  ratio  Is 

■^~4TrAp/(A/Lg) 
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Figure  2  ohowp  a  log-log  plot  of  qr/rjc  veraua  the  perimeter 
ratio  where  Qr  *  Q/A.  A  least  squares  analysis  yielded 

QrAc  -  56lLg/47^  /A)^'^^  (2) 

r  =•  0.58y 

Sy  -  t  0.210  >  ±  log  1.62 

Figure  3  shows  a  log-log  plot  of  Q  versus 
AqjL,V47rAp/A)°-^^ 

A  least  squares  analysis  of  this  plot  yielded 

Q  =  38[(Aq^)(Lgl/4^/A)°-55jl.06 

r  -  0.972 

Sy  -  t  0,205  -  i  log  1.60 

From  the  above  equations  It  can  be  clearly  seen  that  Aq^  la 
the  dominant  factor  and  ■^4TrAp/ (a Ag )  is  a  secondary  correlation 
factor. 

Analysis  of  experimental  firings  of  rockets  for  upper  and 
lower  limits  to  the  Ignition  energy  requirements  has,  as  yet, 
been  limited.  Examination  of  data  by  Warren  and  Cronhardt  (20) 
Indicated  that  upper  and  lower  limits  could  vary  by  a  factor  of 
two  (in  one  case  a  factor  of  4)  with  other  variables  constant. 
Reference  23  gave  an  example  In  which  the  Ignition  system  for 
the  "Tiny  Tim"  rocket  was  altered  so  that  the  Ignition  charge 
could  be  reduced  by  a  factor  of  five  and  still  give  satisfactory 
operation.  Calculations  were  made  on  this  rocket  (Reference  23 
gave  figures  In  grains  that  should  have  been  grams  (24)).  The 
large  charge  was  at  +  1.57  Sy  from  the  preulcted  charge  and  the 
small  charge  was  at  -I.89  Sy. 

VI.  DISCUSSION  OP  RESULTS 
A.  Correlation  Studies 

By  combining  basic  Ignition  energy  Information  with  data  on 
53  rockets  (service-accepted,  advanced  developmental,  and  a  few 
experimental),  an  equation  Involving  only  a  few  variables  has 
been  obtained  for  predicting  Ignition  energy  requirements  of 
practical  rockets.  Since  the  rockets  included  had  internally 
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exposed  areas  ranging  from  145  to  520,000  cm^  and  IncludeJ  a 
variety  of  Ignition  system  designs  and  ignition  compounds  (pyro¬ 
technic,  black  powder  and  double-base),  an  assortment  of  propel¬ 
lant  compo'iltlons  and  shapes,  and  a  number  of  design  sources, 
the  equ*  .on  should  be  applicable  to  a  wide  range  of  rockets. 
Although  this  work  la  In  an  earlier  stage  than  that  for  guns, 
the  precision  obtained  Is  comparable. 

The  dominant  factor  In  determining  the  Ignition  energy  re¬ 
quirements,  as  In  the  case  of  gun  Ignition  systems  (1,2),  is  Aq^,, 
the  product  of  total  area  exposed  to  the  products  of  the  Ignition 
system  and  the  Ignition  energy  requirements  per  unit  area  of 
propellant,  Tliere  la  a  significant  difference  between  rockets 
and  guns  In  the  correlation  of  Q  with  Aq^,.  Generally  qj./qg  Is 
higher  than  Qg/qc-  Part  of  this  difference  Is  probably  due  to 
using  a  q^  for  a  three  mllllaecond  energy  transfer  time  for  both 
guns  and  rockets,  though  Ignition  Intervals  for  rockets  average 
considerably  longer  than  for  guns.  In  addition,  smaller  ratios 
of  area  to  free  voluae,  lower  Ignition  pressures,  and  loss  of 
Ignition  products  through  the  nozzle  (in  some  cases)  prevent 
efficient  use  of  the  energy  In  rccket  Ignition  sj'stems.  There 
la  some  Indication  that  the  difference  in  Ignition  Intervals  may 
be  the  largest  of  these  factors  when  nozzles  are  obturated  during 
Ignition.  All  of  these  variables  are  Interconnected,  however, 
and  further  analyfls  may  help  to  clarify  their  relative  Influence. 

The  secondary  factor,  Lg  y4^/A  may  be  considered  as  a 
measure  of  radial  complexity  (inverse  relationship).  It  la 
related  to  V^/A  for  guns,  and  both  have  a  similar  Influence. 

Differences  In, redial  complexity  thus  seem  most  Important  In 
rockets;  w'-'ereas,  differences  In  radial  and  differences  In 
longitudlr.>  1  complexity  seem  Important  In  guns.  Perhaps  further 
analysis  will  locate  a  more  fundamental  factor  than  the  perimeter 
ratio  used . 

For  a  cigarette-burning  grain  Lg  •\/4irAp/A  Is  not  a  measure 
of  radial  complexity.  An  equivalent  term  should  be  developed 
to  handle  this  case.  Since  only  two  cigarette-burning  grains 
have  been  considered  out  of  a  total  of  55  rockets,  the  correla¬ 
tions  should  not  have  been  appreciably  affected. 

It  Is  of  Interest  that  the  accuracy  of  prediction  of  Q  for 
rockets  (judging  by  the  correlation  coefficient  i.id  standard 
error  of  estimate)  Is  approximately  the  same  as  for  guns.  For 
guns,  Sy  -  i  log  1.58  and  r  -  0.977.  Likewise,  the  uncertainty 
seems  to  be  largely  due  to  the  range  of  Ignition  energies  which 
will  give  satlsf •\ctory  Ignition  plus  the  range  In  effectiveness 
of  the  various  igniter  designs  In  delivering  the  energy.  Calcu¬ 
lations  on  the  "Tiny  Tim,"  for  which  the  designers  made 
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considerable  effort  by  bot  urrs'  -n  and  charge  changes  be  lower 
the  charge  weight,  showed  th?^  original  charge  was  at 

+  1.57  Sy  and  the  final  chart,.  .  -I.89  S„  from  the  value  pre¬ 
dicted  by  Eq,  5.  When  this  la  compared  with  the  predicted  upper 
and  lower  limits  of  ±  2  Sy,  the  results  are  striking. 

The  Ignition  energy  equation  (Eq.  5)  is  probably  applicable 
to  a  greater  diversity  of  ignition  compositions  than  the  corres¬ 
ponding  equation  for  guns,  because  a  greater  variety  of  Igniter 
compositions  (black  powder,  pyrotechnic  mixtures,  and  double¬ 
base  powders)  were  Included  in  the  data  from  which  the  rocket 
equation  was  derived. 

The  correlations  can  probably  be  further  Improved  by  con¬ 
sidering  the  effect  of  heat-transfer  rate.  Calculations  from 
experimental  data  on  M-2  propellant  showed  that  Ignition  energy 
requirements  decreased  as  heat  flux  Increased  (22;.  The  rate  of 
cooling  of  the  Ignition  products  In  the  annular  space  between 
the  grain  and  the  case  Is  no  doubt  higher  than  In  the  grain  per¬ 
foration,  and  allowance  should  be  made  for  this.  It  would  seem 
an  external -burning  grain  should  be  treated  differently  from  an 
externally  inhibited  and  obturated  one.  In  the  first  case  the 
external  surface  not  only  acts  as  a  heat  sink,  but  must  also  be 
Ignited.  In  the  second  case,  the  surface  acts  only  as  a  heat 
sink,  and,  depending  on  the  location  of  the  obturation.  Ignition 
ma.y  hava  already  occurred  before  this  annular  volume  Is  filled. 

The  characteristics  of  the  Ignition  system  such  aa  degree 
of  confinement  of  the  Ignition  mixture  (found  to  be  Important 
for  gun  Ignition  systems)  and  the  composition  of  the  Ignition 
mixture  as  It  affects  flame  temperature  and  the  solids/gas  ratio 
In  the  ignition  products  Influence  the  rate  of  heat  tranafer  and 
should  therefore  be  examined.  Ignition  delay  time  might  also  be 
useful  as  a  correlating  parameter. 

E.  Application  of  Equations 

Assume  that  all  Ignition  systems  will  give  satisfactory 
Ignition  over  a  range  of  ignition  energies  of  two  for  a  given 
weapon.  The  center  line  value  predicted  by  Eq.  3  will  then  give 
satisfactory  results  with  all  Ignition  systems  which  have  lower 
llraita  above  -1.47  Sy  (at  Q/2)  and  upper  limits  below  +  1.47  Sy 
(at  2Q).  If  we  make  the  additional  assumption  that  the  upper 
and  lower  limits  of  Ignition  systems  are  distributed  similarly 
to  the  scatter  In  data,  the  centerline  value  would  give  satis¬ 
factory  results  with  86^  of  the  Ignition  systems  used.  Vie  might 
replace  the  second  assumption  by  the  more  pessimistic  one  that 
all  data  points  were  at  the  center  of  the  possible  range  for  the 
given  Ignition  system.  The  probability  of  getting  satlsfacto'ry 
Ignition  with  the  predicted  centerline  value  Is  then  reduced  to  54$^ 
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With  the  first  pair  of  assumptions  above,  a  satlsfacvoi-y 
chfrge  for  995^  of  the  Ignition  systems  could  be  obtained  by  a 
tv/o-'trial  niethodc  First  a  value  of  one  standard  eiTor  of 
‘stimate  below  the  centerline  value  would  be  used  and.  If 
uvi^uccessful  (should  be  successful  or  under-lgnltlon) ,  a  value 
one  standard  error  of  estimate  above  the  centerline  value  would 
be  tried.  This  method  would  also  give  some  overlap  in  the  region 
In  which  Igniters  have  the  highest  probability  of  havliig  an 
operating  range.  Using  the  more  pessimistic  assumptions  a 
probability  of  925^  Is  still  obtained. 

Another  method  of  approach  (making  no  assumptions)  would  be 
to  use  the  predicted  value  and  modify  or  change  the  Igniter 
until  satlsfoctory  operation  was  obtained.  There  would  seem  to 
be  a  high  probability  of  success  for  this  method  by  making 
modest  changes  in  conventional  ignition  systems. 

The  problem  might  be  to  design  as  small  an  Ignition  system 
as  reasonably  possible.  In  this  case,  a  value  about  2  Sy  below 
the  predicted  centerline  value  would  probably  provide  a  difficult 
enough  problem  and  a  value  3  Sy  below  would  probably  give  an 
exti*emely  difficult  design  pronlem. 

^11.  SUMMARY  AND  CONCLUSIONS 

Basic  Ignition  information  has  been  applied  to  correlating 
ignition  data  from  a  large  number  of  rockets  ranging  in  area 
exposed  to  ignition  products  from  145  cm2  to  520,000  cm^. 

The  dominant  correlating  factor  Is  Ag^,  the  product  of 
total  area  exposed  to  the  products  of  the  Ignition  system  and 
the  Ignition  energy  requirements  per  unit  ax*en  of  propellant. 

The  secondary  correlating  factor  is  L^/UirAp/A  which  Is 
the  ratio  of  the  perimeter  of  a  circle  equal  In  area  to  the  port 
area  to  the  total  perimeter  exposed  at  a  cross-section. 

The  correlation  (Eq.  5)  is  probably  applicable  to  a  greater 
diversity  of  Igniter  compositions  than  the  correlation  for  gun 
Ignition  systems  (l,2). 

The  correlation  could  probably  be  further  Improved  by  con- 
slderlr.g  the  effect  of  heat-transfer  rate  from  the  Ignition 
products  to  the  propellant,  considering  such  vari:»bles  as  flame 
temperature  of  the  Ignition  mixture  and  gas/sollds  ratio  In  the 
ignition  products. 
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The  effect  of  the  degree  of  confinement  of  the  Ignition 
mixture  (found  to  be  Important  In  guns)  should  be  examined. 

The  relative  weighting  of  the  various  areas  exposed  to  the 
Ignition  products  needs  further  study,  particularly  in  the  case 
of  non-case  bonded.  Internal -burning  grains.  The  weighting  of 
the  area  of  the  annulu'  between  the  grain  and  the  case  wall, 
compared  to  the  area  of  the  Internal  perforation,  should  es¬ 
pecially  be  considered. 
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YIII.  APPENDIX 


Sample  Calculation  of  Weight  of  Igniter  Composition 

The  problem  la  to  calculate  the  weight  of  igniter  compoal- 
tion  required  for  the  satisfactory  Ignition  of  a  solld-propellant 
rocket.  The  total  energy  required  for  Ignition  Is  given  by 
Eq.  3  as 

Q  -  38  (Aq(,[Lgy4TrAp/A]  (A-1) 

where 

A  -  total  area  exposed  to  products  of  Igniter  system,  cm^ 
Ap  ■  port  area,  cm^ 

L  -  length  of  grain,  cm 

o 

q  -  Experimental  Ignition  energy  per  unit  area  of  pro¬ 
pellant  (baaed  on  three  millisecond  Ignition 
Interval),  cal/cm^ 

Q  "  Total  energy  supplied  for  Ignition,  cal 

The  weight  of  ignltex*  composition  Is  found  from 

W  -  Q/4H  (A-2) 

where 

AH  -  heat  of  explosion  of  Igniter  composition,  cal 
W  =  weight  of  Igniter  composition,  gm 

DATA 


Consider  an  arbitrary  rocket  motor  having  the  character¬ 
istics  shown  below:* 

Dimensions  of  Metal  Parts 
Chamber: 

Length,  L^  52  In. 

Inner  diameter,  D^  5.50  In, 

Nozzle: 

Throat  diameter,  D^  1.575  In. 

♦The  presentation  of  data  here  Is  similar  to  the  form  employed 
In  Ref.  8. 
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Propellant  Data 

Propellant  daelgnatlon  OGK 

Charge  design  Star- perforated  (internal 

burning) 

Inhibitor  location  On  outer  diameter  and  ends 

Propellant  dimensions  (including  Inhibitor): 

Number  of  grains  One 

Length,  Lg  51  in. 

Diameter,  Dg  5.45  In. 

Internal  ballistics: 

Initial  burning  aurface/throat  area, 

Kn  450 

Port  area/throat  area,  1/J  2.5 

CALCULATION  OF  AREA (A )  EXPOSED  TO  PRODUCTS  OF  IGNITION  SYSTEM 

^  “  ^ncs  ^3  ^Ics  *  -^“le  "*■  ^i^atber  areas  (A-j) 

where 

^ncs  *  convergent  section  of  nozzle 

A3  ■  area  of  burning  surface  of  propellant  grain 
Ales  -  area  of  inhibited  curved  surface  of  grain 
A.g  -area  of  inhibited  ends  of  grain 

Chamber  areas  ■  area  of  straight  section  of  chamber  plus 
area  of  head  end. 

2 

Nozzle  throat  area,  Aj.  »  ^(l^t^  (A-4) 

At  -xV4)  (1.575)^  -  1.485  In^ 

Anca  -  (1  .111 )  (Dg^-Dt^)  (see  section  III-C  .  (A-5) 

derivation) 

An^-  -  (1.111)  [  (5.50)2  -  (1.575)^]  -  31.51  in^ 

As  “  ^NAt  (A-6) 

Ag  -  (450)(1.485)  -  638.6  In^ 
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Hc3  “  (A-7) 

Aic3  “  (7r)(5.45)  (51)  -  875.2  ln2 

Port  area,  Ap  -  A^/J  (A.-8) 

Ap  -  (1.485)(2.5)  -  5.715  In^ 

Ale  S  [(VA)(De2)  -  A^]  ^le  (A-9) 

where 

Nie  ■  nunber  of  Inhibited  ends  «  2 

^ie jj  1^/4 )  (5.50)^  -  5.715]  [2] 

A^e  =  40.09 

Equation  A-9  was  used  for  convenience  in  the  compilation  of 
some  of  the  data  in  this  report.  It  is  correct  for  an  internal- 
external  burning  grain,  and  is  a  good  approximation  in  this  case 
(internal-Vurnlng  gi’aln),  since  the  clearance  between  the  in¬ 
hibited  grain  and  the  chamber  wall  is  sma.!!. 

Chamber  Areas 

1.  The  head-end  area  is  approximated  by 

(7r/4)(Dc)^  -  (7r/4)(5.50)^  -  25-76  In^  (A-IO) 

2.  The  area  of  the  straight  section  is 

TTDgLg  .  (»  )(5.50)(52)  -  898.5  in2  (A-ll) 

Total  Area,  A 

From  Eq.  A-5, 

A  =•  51.51  +  658.6  +  875.2  +  40.09  "  25.76  +  698.5 

A  *  2506  in^ 

or 

A  =»  (2506  In^)  (6.452  cm^/in^) 

A  16,170  cm^ 
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SECONDARY  CORRELATION  FACTOR,  L.,  VTTrAp/A 

Lg  /•^irAp/A  -  (51)  )l  (^Tr)  (3.7l3  )/2506 

-  (51)  \/  46.66/2474 

-  (51) (6.831 )/2506 

Lg  ^ 47rAp7A  -  0.1390  (dimensionless) 

TOTAL  ENERGY  REQUIREMENT  ,  Q 

'lg  for  OGK  -  0.361  cal/cm^  from  Ref.  22 
Using  Eq.  A-1  (Eq.  3), 

Q  «  38  J(i6.170)(0. 361)  (0.1390) 

-  38r(l6,170)  (0.361/ (0.3122)J'^-°6 

-  38  (1822)^*^^ 

-  (38)(2859) 

Q  ■  109 >000  cal 

Q  can  also  be  found  from  Fig.  3,  The  abscissa  Is 

1  V  aJ 

-  (16,170)(0.361)(0.1390)°*^^ 

-  1822 

From  Pig.  3, 

Q  -  109,000  cal 

WEIGHT  OF  IG.NITSR  COMPOSITION.  W 

Theoretical  weight 

From  Eq.  A-2, 

w  -  109,000/AH 
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If  black  powder  la  used  In  the  igniter, 
ah  ■  698.8  cal/gm 

and 

w  -  109,000/698.8 
W  ■  156  gm 

This  theoretical  value  of  W,  based  on  the  value  of  Q  given 
by  Eq.  A-1  (Eq.  5),  la  estimated  to  give  satisfactory  results 
with  55^  to  Sjjo  of  all  Ignition  ■avstems,  depending  on  the 
assumptions  made  (see  Section  VII;. 


Two-Trial  Procedure 

As  discussed  in  Section  VII,  a  two-trlal  procedure  can  be 
used,  where  a  value  of  Q  one  standards  error  of  estimate  below 
the  theoretical  value  Is  used,  and  if  unsuccessful  (under-lgnltlon) 
a  value  one  standard  error  of  estimate  above  the  theoretical  value 
is  tried.  A  satisfactory  charge  for  as  many  as  99^  of  all 
Ignition  systems  should  be  found  In  this  way. 


The  standard  error  of  estimate 
log  1.60.  Thus  the  lower  value  of 


,  Sy,  .for  Eq.  A-1  (Eq.  5)  Is 
W  to  be  tried  would  be 


156/1.60  =>  97.5  gm 

If  this  were  unsuccessful,  the  upper  value  would  be  tried,  equal 
to 

(156) (1.60)  -  250  gm 


SUMMARY  OF  DATA 
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TABLE  III  (Cont.) 
SOURCES  OF  DATA 


Rocket  /I 


Ignition  Mixture 
Number  /2 


Literature  References 
Used  to  Obtain 
Propellant  and 
Metal  Part  Dimensions 


56 

57 

58 

59 

40 


41 

42 

43 

44 

45 


10 

1.7 

1.7 

1 

10 

1 

5 

1 

1,5 

1,9 


46 

47 

48 

49 

50 

51 

52 
55 


1 

5 

1 

1,9 

2 

1,7 

1,5 

1,7 


/I  The  tabulated  numbers  -^ei'er  to  the  rockets  listed  in 
Table  I. 

/2  See  Table  II. 
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